During the last few years photoproduction of mesons off light target nuclei ( 2 H, 3 He, 7 Li) has been systematically studied at the tagged photon beams of the Bonn ELSA accelerator and the Mainz MAMI accelerator. The experiments used the combined Crystal Barrel/TAPS setup in Bonn and the Crystal Ball/TAPS setup in Mainz. Most measurements investigated meson photoproduction off the neutron for many different reaction channels in order to establish the iso-spin structure of electromagnetic resonance couplings. This project used mostly deuteron targets. The measurements with the He and Li targets aimed at the search for η-mesic nuclei and hadron in-medium properties.
Introduction
Photoproduction of mesons off nucleons and nuclei has developed into one of the most efficient tools for the study of the excitation spectrum of the nucleon 1,2 , the investigation of meson-nucleon (-nucleus) interactions, and the in-medium properties of hadrons 3 . The nuclear excitation scheme has been under intensive investigation with meson photoproduction experiments during the last few years world wide. Currently, large efforts are under way at the CLAS experiment at Jlab, the ELSA accelerator in Bonn, and the MAMI accelerator in Mainz to investigate single and double polarization observables for different meson production reactions using longitudinally and transversely polarized targets, linearly and circularly polarized photon beams as well as the polarization of the recoil protons. These new data sets should provide stringent constraints for partial wave analyses of meson photoproduction off the proton. However, a full classification of the nucleon resonances includes also the measurement of the iso-spin structure of their electromagnetic excitations, which requires the measurement of meson photoproduction reactions off the neutron as well as coherent photoproduction from light nuclei. In addition, due to SU(3) selection rules, some states are much stronger excited on the neutron than on the proton. Due to the technical difficulties involved in the measurement of reactions off neutrons, so far such data are scarce. The experiments always involve neutrons bound in (light) target nuclei, with all the complications from the identification of the recoil nucleons, nuclear Fermi motion, and possible final state interaction effects (FSI). At ELSA and MAMI a few years ago we have initiated a program for the systematic investigation of meson photoproduction reactions off the neutron using a deuteron target. Results for total cross sections and angular distributions for η,
o η final states are now becoming available. A different topic is the investigation of the meson interaction with nucleons and nuclei. In the case of long-lived mesons like charged pions or kaons, secondary beams can be prepared. However, the interaction of short-lived mesons with nuclei is only accessible in indirect ways when the mesons are first produced in the nucleus from the interaction of some incident beam and then subsequently undergo FSI in the same nucleus. The pion-nucleon interaction at small momenta is weak, so that no bound pion-nucleus states can exist. However, the η-N interaction at small momenta is dominated by the s-wave nucleon resonance S 11 (1535), which couples strongly to the Nη-channel 19, 4 . The possible formation of η -nucleus bound states ''η-mesic nuclei') has been intensively discussed in the literature. One idea to search for such states is, that quasi-bound states in the vicinity of the production threshold will give rise to an enhancement of the cross section relative to phase space behavior. Such effects have been seen in particular in the measurement of the dp → η 3 He by Mersmann et al. 5 and in the γ 3 He→ η 3 He reaction by Pfeiffer et al. 6 . The statistical quality achieved in the Pfeiffer experiment has been much improved in a recent measurement at MAMI and first data have been taken also for a 7 Li target. More details for 3 He and 7 Li experiments are given in the contributions of F. Pheron and Y. Maghrbi to this proceedings.
Experiments
The experiments were done at the tagged photon beams of the Bonn ELSA 7 and Mainz MAMI 8 accelerators. Maximum electron beam energies were 3.2 GeV at ELSA and 1.5 GeV at MAMI. The reaction products emerging from the liquid deuterium and helium targets and the solid lithium target were detected with electromagnetic calorimeters covering almost the full solid angle.
The setup at ELSA combined the Crystal Barrel detector 9 (1290 CsI crystals covering the full azimuthal angle for polar angles between 30
• and 168
• ) with the TAPS detector 10,11 (528 BaF 2 crystals mounted as hexagonal forward wall covering polar angles down to 4.5
• ). Plastic veto detectors in front of the TAPS modules and a scintillating fiber detector (SciFi) 12 inside the Barrel were used for charged particle identification. More details can be found in 13 . At MAMI the Glasgow photon tagger 14 was operated in coincidence with the Crystal Ball detector 15 and a forward detector. The Crystal Ball, consisting of 672 NaI crystals, covered the full azimuthal angle for polar angles between 20 o -160
o . The forward range between 21 o down to 1 o was covered by a hexagonal wall constructed from BaF 2 modules with individual plastic veto detectors from TAPS. The target was surrounded by a Particle Identification detector (PID). Both setups allow the detection of the meson decay-photons and recoil nucleons and deuterons. For the identification of the different particles, information from the veto detectors, the PID, the SciFi, time-of-flight-versus-energy measurements as well as pulse-shape analysis for the BaF 2 crystals were used. Neutral mesons were identified via standard invariant mass analyses of the decay photons. Missing mass and missing energy techniques were additionally used for reaction identification.
Results and Discussion

Meson Photoproduction off the Neutron
This part of the experiments involves the measurement of quasi-free photoproduction off neutrons mostly from the deuterium target. Compared to photoproduction off the free proton these experiments are complicated by two aspect. A purely technical problem is that the identification of the reactions requires the detection of recoil neutrons. Any cross contamination from protons must be avoided, the detection efficiency for neutrons is usually not high (between ≈10 % -≈30 % for the present setups) and notoriously difficult to control by simulations. The other problem is that nuclear effects like FSI might influence the reactions, so that the results may differ from the free nucleon cross sections giving rise to model dependent results. Both problems have been investigated in detail for different meson production channels. We will discuss here as an example η-photoproduction, which gave unexpected results for the neutron and was therefore investigated in much detail.
The recoil nucleon detection efficiencies were simulated with Monte Carlo codes, using the GEANT CALOR package 18 . In the case of protons the simulations can be easily cross checked with data for example for the γp → pη, γp → pπ o π o reactions via a comparison of events with and without detected recoil proton. For neutrons reactions like γp → nπ o π + maybe explored. This has been done in some cases at the MAMI setup, but was not feasible for the Bonn setup due to trigger efficiencies. Nevertheless, there is a different possibility to analyze systematic uncertainties due to neutron detection. For most reactions investigated and in particular for η-photoproduction the cross section of the coherent γd → dη reaction is completely negligible compared to the breakup reactions. Therefore, due a very good approximation the relation σ np = σ p + σ n holds were σ p , σ n are the reactions with participant protons respectively neutrons and σ np is the inclusive cross section without any condition for the recoil nucleon (accepting events with recoil protons, neutrons, and no detected recoil nucleon). The cross section for η photoproduction off the neutron can thus be measured either by detection of the recoil neutrons (notation: σ n ) or by subtracting the cross section for the reaction in coincidence with recoil protons σ p from the inclusive cross section σ np giving σ ′ n = σ np − σ p . The first method involves the neutron detection efficiency, but the second is based on proton detection efficiency. In the case of η, η ′ , π o π o photoproduction very good agreement was found between the two methods, which strictly limits the systematic uncertainties related to the neutron detection. As an example, the two results for η photoproduction are compared in Fig. 1 (center plot, insert) . The influence of nuclear effects like Fermi motion and FSI can be studied by a comparison of the quasi-free proton cross sections to measurements of the free proton. In particular for the η and η ′ channel, the result was, that the quasi-free cross sections can be completely understood by only considering the effects of nuclear Fermi motion. The reaction γp → pη has been studied during the last few years by many experiments 19−34 in particular at Jlab, ELSA, and MAMI. The total cross section data from these experiments are compared in Fig. 1 , left hand side to the present quasi-free data corrected for the effects of Fermi motion. The correction was simply done by folding the free proton data with the momentum distribution of the proton bound in the deuteron 35 , calculating an energy dependent correction factor from the ratio of measured and folded cross sections and applying this correction factor to the measured quasi-free data. The resulting cross section is in excellent agreement with the free proton data, indicating that at least for this reaction channel Fermi motion is the only non-negligible nuclear effect. But, as shown in the insert of the figure, even this effect is only important in the peak maximum of the S 11 resonance. The quasi-free proton and neutron cross sections are compared in Fig.  1 (center) . The neutron data 36 show a pronounced structure around E γ ≈1 GeV which is not visible for the proton. The nature of this structure is still unknown (see e.g. discussions in Refs. 17, 37, 38, 39) . An important issue is the width of this structure, which is of course broadened by Fermi motion in the quasi-free reaction. We have therefore now constructed the total cross section as function of the η -nucleon invariant mass W calculated from the measured four-vectors of the η and the nucleon, which is not effected by Fermi motion. The preliminary result is shown in Fig. 1 (right hand side) . The proton excitation function constructed this way agrees very well with free proton data and the neutron excitation function shows a very pronounced, narrow structure around W ≈1.7 GeV (corresponding to E γ ≈1 GeV). A fit of this structure gives a width of (25±10) MeV, which is close to the experimental resolution.
Results of quasi-free photoproduction off the neutron for other reaction channels
which cannot be discussed here, are in preparation for publication.
Meson-Nucleus Final State Interaction -Eta-mesic Nuclei
The investigation of the threshold behavior of η-photoproduction off light nuclei is one promising approach for the search for η-mesic states. Previous experiments have investigated quasi-free and coherent photoproduction off 2 H, 3, 4 He in the threshold region [40] [41] [42] [43] [44] [45] 6 . These experiments have revealed the spin/isospin structure (dominantly iso-vector, spin-flip) of η-photoproduction in the threshold region, which implies that only nuclei with I,J =0 are promising candidates for the coherent reaction. Indeed, no coherent component was observed 42 for 4 He, while the clearest coherent signal 6 was found for 3 He, although still limited by counting statistics. The present experiment, using the new 4π detector setup has largely improved the statistical quality of this experiment. The improvement is most clearly visible in the missing energy spectra used to separate coherent and breakup events (see Fig. 2 ). Not only the counting statistics is better, but also the ratio of coherent events to background from the breakup reaction is much improved. This is due to the large solid angle coverage, which allows to suppress many background events via the detection of the recoil nucleons emitted in breakup reactions.
The threshold behavior of the cross section extracted from the η → 2γ-and the η → 6γ-decay is shown in Fig. 3 (left hand side) and compared to the previous Coh. Thre. Fig. 3 . Left hand side: total cross section for coherent η production off 3 He from the two η-decay channels compared to the previous result from Pfeiffer et al. 6 . Right hand side: comparison of γ 3 He → η 3 He to γ 7 Li → η 7 Li scaled by the ratio of the nuclear form factors. All results preliminary.
result from Pfeiffer et al. 6 . The statistical quality is improved by more than an order of magnitude and the excitation function shows the extremely steep rise previously observed in the dp → η 3 He reaction 5 . Also the shape of the angular distributions (not shown), which, in the threshold region, does not follow the typical form factor behavior points to strong FSI. With a similar analysis, also coherent η-production off 7 Li nuclei (see Fig. 3 ) was observed for the first time. Due to the form factor influence, the cross section is smaller by one order of magnitude. It does not show a comparatively strong threshold rise like in the 3 He case, indicating that in this case there does not seem to be a pole very close to threshold.
Conclusions
Photoproduction of mesons of light nuclei has been studied motivated by the investigation of excited states of the neutron and by the search for η-mesic nuclei. Quasi-free data for meson production reactions off the neutron have been obtained for many channels and in particular for the η-meson a relatively narrow resonance like structure has been found, which was unknown for the proton.
The excitation function for coherent η-production of 3 He shows an extreme threshold enhancement and also the angular distributions point to strong FSI. This nucleus is therefore still the best candidate for an η-mesic state. The threshold enhancement for 7 Li was found to be less pronounced.
